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ABSTRACT

An analysis is made of the temperature response of re-

fractory coated blades of the Rotor Entry Vehicle during

atmospheric entry. The mathematical model used in the analysis

consists of a composite slab insulated on one side and exposed

to a time dependent oscillating heat flux on the other side.

An exact analytical solution for the temperature response is

obtained for a non re-radiating surface. A numerical solution

is also obtained which incorporates the effect of re-radiation

on the temperature behavior. The effect of re-radiation on the

temperature level during entry is found to be significant and

favorable.

Oscillation in the aerodynamic heat flux, which is due to

blade rotation, results in temperature oscillation during entry.

The amplitude of temperature oscillation is negligible for rotor

angular velocities which are of practical interest in the Rotor

Entry Vehicle.
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I. INTRODUCTION

Figure 1 is a diagram of a Rotor Entry Vehicle in hyper-

sonic flight. Because of blade rotation, the stagnation point

moves over the blade surface, alternating between leading edge,

tip and trailing edge. The resulting aerodynamic heating at

any given point on the blade surface becomes a steady periodic

function of time for the case of constant free stream conditions

and a transient periodic function of time for variable free

stream conditions. The latter case characterizes the aero-

dynamic heating during entry of the Rotor Entry Vehicle. The

heating pattern is further complicated by shock impingment.

Furthermore, the location of boundary-layer shock interaction

may traverse the blade surface. Depending on vehicle orientation

and flight angle, the blades may be free of shock ±mpingment

during a portion of the cycle, as illustrated in Figure 1.

Part of the energy which is convected to the rotor is re-

radiated to the surroundings while the rest is conducted through

the blades. To provide thermal protection, the blades are coated

with a thin layer of refractory material. A typical blade cross-

section is shown in Figure 2.

This report deals with the theoretical prediction of the

temperature response of the blades'composite structure. Of

interest is the identification of the various governing parameters

involving thermal properties, rotor angular velocity, and structure

geometry, as well as the examination of their effects on the

temperature behavior.



Voo

BLADE

Figure I.-Rotor Entry Vehicle

L-------- R EFRACTORY MATERIAL
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The analysis is based on one-dimensional conduction in

a composite slab insulated on one side and heated on the other.

The convective aerodynamic heat flux, qc(t), is assumed to

vary according to

= (,+ ¢l)

where qo(t) is the heat flux for a non-rotating blade, R is

a scale factor which takes into consideration the change in

the mean heat flux as a result of rotation, _ R qo(t) is the

amplitude of heat flux oscillation, and _ is the rotor angular

velocity. Figure 3 is a representation of the model used in

the analysis. This simplified model does not take into consideration

the effect of shock impingment.

Two cases are of interest:

(i) Constant free stream conditions (constant vehicle speed

and altitude)

(ii) Variable free stream conditions (entry case)

In case (i) the complications which result from the variations

in free stream conditions are eliminated to provide a simplified

model which is suitable for a parametric study of the transient

response of the blade. Here qo(t) in equation (i) is treated

as constant.

Of more interest is case (ii) where free stream conditions

vary during entry according to vehicle speed and altitude, caus-

ing qo(t) to be time dependent. Figure 4 shows a typical stag-

nation point heating curve for a sphere during entry.
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II. ANALYSIS

FORMULATION

The model used in the analysis of the temperature behavior

in the composite structure of the blade is shown in figure 3.

The governing equations for the temperature distribution, based

on constant thermal properties, are

_tt _X" (3)

where subscripts 1 and 2 refer to the refractory and structural

materials respectively.

The initial and boundary conditions are

-r,(x,o)-_ %(x,o) -, T_
(4)

6



T, r,o,t_, = "T'=(o,_) (s)

_T,(o,t) I<_ "_'r, (o, +.) (6)
K I - _.- _

;_x _,_

= 0 (7)
_X

In boundary condition (8) qc(t) is the aerodynamic heat

flux described by equation (i) and qR is the re-radiation heat

flux given by

(9)



SOLUTION

Because of the non linear nature of boundary condition

(8), an analytical solution which takes into consideration the

effect of re-radiation is not attempted. However, an analytical

solution is presented for cases (i) and (ii) for qR = 0. To

examine the effect of re-radiation, a numerical solution is

obtained.

Analytical Solution

The solution to equations (2) and (3) for any time dependent

heat flux, qc(t), in boundary condition (8) can be obtained from

the corresponding solution of constant heat flux by using Duhamel's

Integral Equation (Reference i) :

T(x,k)_ T i - _c0+ _ ix,k)- m;
Fo

÷

k

/ d'l ,:. Jr_ . (lO)

where u(x,t) is the solution to the corresponding problem with

qc(t) = Fo = constant. Equation (i0) is valid for any function

qc(t) which is piece-wise continuous in the interval 0< _<_ .

The temperature response of a composite slab under constant

surface heat flux, Fo, is given by (Reference 2)

8



K!

(ii)

and

_t f,x,t) _ UL;

k: I

_'2r_r./*)

= ,o._,,') L 4

Inp

(12)

where /_'n are the roots of

(,,,,,._,,,,,[,,,,¢,.,,,-_/.,o-,,,.),,,.,[,,.o--)]=o (13)

9



and

(14)

and

xJ

_m" R

L

(15)

Case (i) - Constant Free Stream Conditions:

This case represents a simplified model of a rotating blade

under constant free stream flow conditions. The aerodynamic

heating, qc(t), in boundary condition (8), is given by equation

(I) with qo(t) = qo(0) = constant. The purpose of examing this

model is to obtain a simplified solution which is useful in mak-

ing a parametric study of the problem.

Substituting equations (1) and (ll) into equation (I0) and

carrying out the integration, the temperature response of the

refractory layer for a periodic heat input is obtained.

i0



Q

: tE n

* } (16)

where

and

(17)

w

Orbt
(18)

II



Similarily, by substituting equations (i) and (12) into

equation (i0) the temperature response, _(_0Z) , of the

structural material may be obtained. However, this will not

be carried out here since the interface temperature, which is

of primary interest, can be obtained from equation (16) by

setting _s O.

Case (ii) - Variable Free Stream Conditions: Entry Case

Because of variations in vehicle speed and altitude, the

heat flux, qo(t), in equation (i) is time dependent. A typical

plot of qo(t) during atmospheric entry is shown in figure 4.

To evaluate the integral in equation (i0), qc (t) must be known.

To obtain an analytical solution, the heating curve of figure 4

is divided into four stages in which the heat flux is approximated

by exponential, linear, parabolic, and linear functions, respective-

ly, as follows:

t&-

t,C _ <_b (20)

t < t, (21)

where ta, tb, t c and t d are the limits of stages I, II, III

and IV respectively and

(22)

12



]_= _.%(t-)
a_,(.o )

(23)

(24)

_t_ I
:(T_ ^e ) (25)

.T_(1 _ _ .,,,. )_
(% - _:2

(26)

-
(27)

The quantities qo(O), t a, _, tc, td, tm

known for any given entry heating curve.

and _ are

Substituting (19), (20), (21) and (22) into equation (i),

the aerodynamic heating for a rotating blade during the four

stages is obtained.

o,<" t< t_ (28)

tV t.

I

'+?,+-_:.,,_,+_+,,,,,..,.o[,"-_,+,-,.,'.] t_ t < t_

(29)

(3O)

(31)

13



The corresponding solutions T I (x, t), T II (x,t), TIII (x# t)

and TIV(x,t) are obtained from equation (I0) by breaking

up the limits of integration into appropriate stages. Thus for

the four stages, equation (I0) gives:

T

t

(32)

(33)

(34)

t _'1 [- _, (35)

14



Solution for Staqe I: 9 • _" _

Substituting equations (ii) and (28) into (32), the

temperature response 8:(_,T) in the refractory layer is

obtained. The result, expressed in dimensionless form, is

given by:

e,6T
sIw Q I_ -- COS J_l:

- -,, fA_ -'" [
te -IJ.,

"L

(36)

where

15



(37)

(38)

g(l
(39)

Solution for Staqe II:

Using (ii), (29) and (33), the solution for stage II is

obtained.

11.

, }
16



_ cos a= + _- - ( COS

COS.fl.'C

11,

cos s_._" _ 2

*- ]]cos _:.> _ X.(r r.,) (^-'1 _t t- +(c,-O

SiN _t

(40)

17



where

(41)

(42)

Solution for Staqe III: "C% <_< _&

Substituting equations (ii) and (30) into (34), the

solution for stage III is obtained

18



(A-I}

- }

19



_" I" son _"

.o."

2O



l

21



_ ¢ cos .s'.-'Cb"_ _"

son ,l"i,_ ,,,"
•  o,o=- <0'"<'

_+,.++,t+- l
(43)

22



where

_'l'n m. _ I%IVIm

,,,., _,(_",,(r_,.,,^e *it')(_ 1:.)"

(44)

(45)

Solution for Staqe IV: _ <_<

Using (Ii), (31) and (35), the solution for stage IV

is obtained

I -t-/_"

"-'c_>., [°'*'"÷_ ]

}_'_._i _-]e $JN _1_ + A.,. (0$ .Q.'C,_ - .'I.

23



_AZ:.CC_I

2_
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" "C" Jl I{_') c°_ <"

I

26



_L Q

.. s,N _'c_.

+

L_._

2?



%.fL.

(46)

where

(47)

(48)

(49)

28



Numerical Solution:

Since the analytical solution is limited to the case of a

non re-radiating surface, a numerical solution is presented

which takes into consideration the re-radiation effect.

The governing equations and boundary conditions are first

non-dimensionalizedby introducing the following dimensionless

parameters :

Q (r%=

D

(50)

(51)

" _ (52)

H L-
(53)

The complete governing equations and boundary conditions

written in dimensionless from become=

(5_)

29"



e,(_;,o) : e,(_,o) = o (56)

e,(o,c) = e=(o,r) (57)

(58)

_e,(_,-c.?= o (59)

.be,(-,,r) _ Q(r} _I+ % sINaEJ_D{[I

+ E e, (-,,r)14- 1.4 (60)

By setting D = 0, the numerical solution gives the case of

a non re-radiating surface. By setting Q(E) = 1 the solution

to case (i) is obtained.

Details of the formulation of the numerical solution is

given in Appendix A. The computer programs of the numerical

solution for cases (i) and (ii) are presented in Appendices

B and C respectively.

3O



Ill. RESULTS

Case (i) - Constant Free Stream Conditions

The transient temperature behavior in the refractory mate-

rial, 0,(_,%) , for a non re-radiating surface under constant

free stream condition is described by equation (16). This

simple analytical solution of the idealized model is obtained

for the purpose of making a parametric study of the problem.

Equation (16) contains four parameters,_&j 0"/ _ and _'A , which

govern the temperature behavior. The eigenvalues, )_. , are

obtained from equation (13). Computer programs for determining

A, and for evaluating _,(_i_) are presented in Appendices

D and E respectively.

Figure 5 gives the temperature response at the exposed sur-

face of the refractory material, _.-i , and at the interface,

6= 0 , for various values of the governing parameters. The

effect of f_ on the temperature behavior during the initial

period is shown in figure 5(a). At the exposed surface, values

of _ greater than i00 have a negligible effect on the temperature

level. For low values of _ the effect is significant. However,

at the interface, temperature oscillation is damped out for _._iOO

and negligible for _ = I0.

A long time solution is presented in figure 5(b). Temperature

oscillation at the interface, _=@ , is not observable, while at

the exposed surface, _.-I , the temperature oscillates about the

curve A_ = 0. Because of the time scale used in figure 5(b),

individual cycles are not distinguimhable. Instead, the locus

of amplitudes of temperature oscillation for _ = I0 is shown.

31



Since _ is a measure of the amplitude of heat flux

oscillation at the exposed surface, figures 5(c) and 5(d)

are presented to illustrate its effect on the temperature

behavior. For values of _ as high as 0.75, no effect is

observed at the interface for _ = I00. At the exposed sur-

face a short time solution, figure 5(c), shows that the

amplitude of temperature oscillation increases with increasing

5

The parameter _ , which is defined as K-_K ,_-_'
W _z"l

has a significant effect on the temperature level. While this

effect is not pronounced at small values of _" (figure 5(e)), it

becomes appreciable at large values of E (figure 5(f)).

Figures 5(g) and 5(h) give the temperature response for

two values of _. The temperature level is observed to decrease

as _" is increased.

Figure 5(g), which gives a short time solution, indicates

that for _ = 50 the solution does not converge to the initial

value, i.e. _i_,_ = O, for _" = O. This indicates that

additional terms in the series appearing in equation (16) should

be taken. In constructing the charts for figure 5 the series

was truncated at n = 32.

32
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Case (ii) - Variable Free Stream Conditions: Entry Case:

The temperature response of the blade_ composite structure

during entry is determined analytically and numerically for a

non re-radiating surface, and numerically for a re-radiating

surface. The computer program for the analytical solution for

the four stages (equations (36), (40), (43), and (46)) is pre-

sented in Appendix F. The program for the numerical solution

is given in Appendix C.

To obtain the temperature response for this case the aero-

dynamic heating curve during entry must be specified. A heat-

ing curve for a sphere of one foot radius in a non-lifting

trajectory is selected as an example (figure 4). The following

data is obtained from this curve and is used to evaluate analyti-

cally the temperature response during the four stages of this

trajectory:

1
A = 0.0506

B = 44.576

t a = 72.5

tb = 108.5

tc = 133

t d = 154

tm = 119

qo(O) = 1.5451

r = 54.494

Y : 0.3775

2% = 4.471

= 0.033 i/sec

u

sec &

sec

Sec

Sec

sec

sec

Btu/ft2-sec

41



The blade construction is assumed to consist of 0.07

inch of stainless steel slab covered with 0.02 inch alumina.

The thermal properties for the structural and refractory materials,

evaluated at 2000°F, are

-3 o

K 1 = 0.903 x i0 Btu/sec-ft- F

K 2 = 0.458 x 10 -2 Btu/sec-ft-°F

_, = 1.18 x 10 -5 ft2/sec

-5 2
_Z = 5.7 x i0 ft /see

For such a structure the dimensionless parameters /_ and _"

are 2.31 and 1.59 respectively. For a rotor angular velocity

= 4000 RPM the dimensionless angular velocity, _'L ,

is i00.

e

Using the above input data, the computer program (Appendix F)

for equations (36), (40), (43), and (46) was used to calculate

the temperature response at the exposed surface, _= -I , and

at the interface, _, 0 , during the four stages. Figure 6(a)

gives the variation of the dimensionless temperature with dimension-

less time. The heating curve of figure 4 is non dimensionalized

and plotted on the same graph. The temperature at the exposed

surface is seen to continue to rise even after the aerodynamic

heating decreases during entry. This is expected for a non re-

radiating model which is insulated at the back side.

To check this analytical solution, the same problem is solved

numerically using the computer program given in Appendix C. The

result is plotted in figure 6(a). Excellent agreement is indicat-

ed between the analytical and numerical solutions.

To examine the effect of re-radiation, a numerical solution

is obtained using the following re-radiation data:

42



D = 0.0126

E = 0.01355

H = 0.397

which is based on _, = 0.78, T. = 630°R, T = 500°R and
l e

R = 3. The result plotted in figure 6(a) indicates that the

maximum surface temperature peaks at approximately the time

the maximum heat flux takes place. It is noted that re-radiation

has a significant effect on the temperature level during entry.

For the example selected, re-radiation decreases the maximum

temperature by a factor of six.

The dimensionless temperature curve of figure 6(a) is

presented in a dimensional form in figure 6(b). The non re-

radiating model results in a maximum temperature of 28,200°R

while the re-radiating solution gives a maximum temperature

of 5000°R.

Figure 6(c) shows the temperature drop across the refractory

material during entry for a re-radiating and a non re-radiating

surface. For the re-radiating surface the temperature drop be-

comes negative after the maximum aerodynamic heating has been

reached. That is, as the aerodynamic heating begins to decrease

during entry, the interface temperature becomes higher than the

exposed surface temperature.

Because of the scale chosen for figure 6(a), the temperature

oscillation is not detectable on the graph. Figures 7 and 8 show

enlarged portions of figure 6(a) at the four stages of the heat-

ing curve during entry for non re-radiating and re-radiating sur-

faces respectively. No temperature oscillation is detected at

the interface for _ = i00. Temperature oscillation becomes

quasi-periodic soon after entry with an amplitude which is small
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compared to the temperature level for a non-rotating blade

( _ = o). The analytical solution for a non-rotating

blade is obtained by setting _ = 0 rather than_ = 0. The8

is necessary because some terms in the solution are divided
by
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IV. CONCLUDING REMARKS

i. While blade rotation may have an appreciable effect on

the aerodynamic heat flux, oscillation in this flux due to rotation

results in temperature amplitudes which are small compared to

the temperature level for an equal but non oscillating flux

( /l= 0 or _=0 ). This is particularly true for high angular

velocities and after the initial transient time. In the entry

example considered, an angular velocity of 4000 RPM results in a

negligible effect on the temperature level at the exposed surface,

while a velocity of 400 RPM affects the temperature only during

the first fraction of a second of entry time. At the interface no

oscillation in temperature is observed for an angular velocity

of 400 RPM. Unless there is specific interest in the temperature

oscillation at the exposed surface during the initial time of entry

for a slowly rotating blade, adequate results are obtained by

setting _ = 0 (or _ = 0) in the solution. The aerodynamic heat

flux must, however, still be adjusted to take into consideration

the effect of rotation. In the analytical model used, the factor

R is introduced for that purpose.

2. Re-radiation has a significant and favorable effect on the

temperature response. Excessively high temperatures result when

re-radiation is neglected.

For the entry example considered the maximum surface tempera-

ture occurs at approximately the time the aerodynamic heating

reaches its maximum value. During the portion of entry where the

heat flux is decreasing, the temperature of the exposed surface

lags behing that of the interface.
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This suggests that the temperature profile throughout the

composite structure be monitored during entry.

3. Because re-radiation is important, the analytical

solution for case (ii) (entry), which is restricted to a non re-

radiating surface, is of limited practical use. The numerical

solution, on the other hand, may require excessive computer

time depending on stability requirements and angular velocity.

Stability considerations limit the maximum value of the time

increment used in advancing the numerical solution. Further-

more, in order to obtain sufficient points during a temperature

2_
cycle, the time increment must be a fraction of _ . This

limit may be a more severe than stability requirements.

4. Since the parametric charts of case (i) (constant free

stream conditions), figure 5, are for a non re-radiating surface,

they may be used only to give trends in temperature behavior

as the various governing parameters are changed.
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APPENDIXA

FORMULATIONOF THE NUMERICALSOLUTION

FINITE DIFFERENCE FORMULATION

Governinq Equations:

!

I

iti----t _ ....

2

Na N _+o

• 6

W+_ ......

I

I

I

I

I
I

For material 1 (i = 1,2 .... NI), equation (54) is approximat-

ed by

or

where

8_- e,' O;.,- re: + e_,,

e_- e,.,.-- (0._ _e__. ) (Al)

NI

N1 being the number of strips in material i.
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For material 2(i = N+I, N+2,...M), equation (55) is

approximated by

Or

where

,e:. c 2)

N2 being the number of strips in material 2,

Boundary Conditions

To formulate the boundary conditions at the interface (i = N1 = n)

the fictitious temperatures etf at a distance A_i , to the right

of the interface, and _f at a distance _% to the left of

interface are introduced. Then, by equation (AI)

6O



/

o_,,.= o.. -_: (e..,_ 2e. +.,,) (A3)

and by equation (A2)

i

To eliminate the fictitious temperatures

boundary conditions (57) and (58) are used.

gives

e0_ and elf ,

Equation (57)

(A4)

(0). = 8(.)n (A5)

Boundary condition (58) is approximated by

or

el4:- 0..,"_, =_ _ (.e.._,,_-,,.)

Equations (A3), (A4), (A5) and (A6) give

e. - e. + c, _=Ce.., _ e. _. ¢. _r (e,., - e.)

(A6)

(A7)

where

i

(AS)

(A9)
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For the boundary condition at _ =-i (i = i) a fictitious

temperature _ at a distance _! to the left of the boundary

at _ =-i is introduced. Equation (AI) gives

e, = e,. ="c (eo - 2e,

To eliminate the fictitious temperature e
o •

(60) is employed in finite difference form.

(AI0)

boundary condition

or

(All)

(AI0) and (All) give

(AI2)
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The adiabatic condition at _=_ is handled by setting

em+i " 0m-| (AI3)

where m is node at _m_

STABILITY

To establish the stability requirement in material i, equation

(AI) is rewritten as

(AI4)

stability consideration requires that

or

Z
(AI5)

For material 2, equation (A2) is rewritten as

(AI6)
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stability requires that

or

(A17)

To determine the stability condition at the interface,

equation (A7) is rewritten as

(A18)

stability requires that

__ C_r_ c_ _z mo

or

i
w -- i

c,,c4
(A19)
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To establish the stability requirement at _.--_ , equation

(AI2) is rewritten as

+ 8,÷ _ [-e,_ a_, D Ct÷ _e,)*]
(A20)

or

stability is insured if

(A21)

or

A_"

--_0

(A22)
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APPENDIXB

COMPUTERPROGRAMFORTHE NUMERICAL

SOLUTIONOF CASE (i) - CONSTANT

FREESTREAMCONDITIONS.

Definitions of Input Quantities

FORTRAN NAME

NAME (I)

BETA

SIGMA

U

DE LTA

D

E

H

OME GA

N1

N2

STAU

DTAU

PTAUI

PTAU 2

CHANGE

FTAU

Q

T(I)

SYMBOL OR MEANING

Title of run under consideration.

Two cards to be used.

D

E

H

Nl(Number of strips in material l)

N2 (Number of strips in material 2)

Starting time of solution

Print out interval in range 1

Print out interval in range 2

Value of _ at end of range 1

Final dimensionless time

Q(_') = 1.0

Initial temperature

distribution at all nodes,

dimensionless
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$iBJOB KRAMER DECK•MAP
$IBFTC ROBERT OECKtFULIST

C
I

97

99

2

5

C

11

DIMENSION NAME (32)
DIMENSION T(£OOO)t TP(IO00)

READ (5,97) (NAME(1),I=X,32)

FORMAT (16A5)

WRITE (6,99) fNAMEII)tI=I,32)
FORMAT (£Hlt24A5/lXt24ASI
READ(SI2) BETAtSIGMAtUtDELTAtDtEtHfOMEGA
FORMAT( 8EIO.OI
WRITE(6tS)BETA_SIGMAtUtDELTAtDtEtHIOMEGA

FORMAT(IIIIH t 39Xt 8H BETA=El6.7• I •
1 40Xt 8H SIGMA=EI4.T• /
2 40X• 8H U=E14.7, /
3 40Xt 8H OELTA=EI4.Tt /
4 40Xt 8H D=EI4.7_ /
5 40Xt 8H E=E14*7_ /
6 60Xt 8H H=El4.7t /
7 40X• BH OMEGA=EZ4.7 }

10
READ(StlO)NItN2tSTAUtDTAU,PTAUItPTAU2tCHANGE•FTAUtQ
FORMAT (215tTEXO.O)
WRITE(6•II)NItN2•STAUtDTAU•PTAUItPTAU2tCHANGE•FTAU•Q
FORMAT( 40X• 8H NL=I2 • I

£ 40Xt 8H N2=I2 t /

2 40Xt 8H STAU=EI4.7t I
3 40X• 8H DTAU=EI4,T• /
4 60Xt 8H PTAUl=EX4,7t /
5 40Xt 8H PTAU2=EI4°7• /
6 40Xt 8H CHANGE=EI4,T• /
7 40Xt 8H FTAU=EIk.7t /
8 40X• 8H Q=EI4.7 )
WRITE (6•99) (NAME(I)_I=£t32)

C
C .... M=TOTAL NO. OF POINTS

M=NI+N2+I

C
IF(STAU.EQ.O.) GO TO 30

C .... READ INITIAL TEMPERATURE DISTRIBUTION
READ(St25)(T(I)II=IIM)

25 FORMAT(8EIO.O)
GO TO 40

C
C .... |N|TIALIZE ALL TEMPERATURES TO ZERO

30 DO 31 I=XtM

31 T(I)=O.
C

6? ¸



C .... CALCULATE ALL NECESSARY CONSTANTS
40 FN=N1

DXI=I.IFN
FN=N2

DX2=BETA/FN
CI=I./(DXI**2!
C12=2.*CI
BOS=BETA/SIGMA

C2=(80S/DX2)**2

DEN=BOS+(U*DX2)/DX]
C3=(2.*BOS*CII/DEN
C4=(2.*U*BOS**2I/(DEN*DXIiDX2)
N=NI+I
NPl=N+l

MMI=M-I
MPI=M+I
PRTIME=STAU-DTAU/IO.

TAU=STAU

C
C .... CHECK FOR STABILITY

C .... MATERIAL I
DTAUP=I.IC12

50 IF(DTAU.LE.DTAUP) GO TO 60
DTAU=DTAU/2.
GO TO 50

C .... MATERIAL 2
60 DTAUP=I./(2.*C2)
65 IF(DTAU.LE.DTAUP) GO TO 70

DTAU=DTAU/2.

GO TO 65
C .... INTERFACE

70 DTAUP=I./(C3+C4)
75 IF(DTAU.LE.DTAUP) GO TO 80

DTAU=DTAU/2.
GO TO 75

Co_Qt_o_ooowmmmmoomoomw_m_meQt_olmmQ

C .... BOUNDARY
80 DTAUP=I./(C12*(1.+DXI*O*E*(4.+EeT(II*(6.+EeT(II*(4.+E*T(1))))})
85 IF(DTAU,LE.DTAUP) GO TO 90

DTAU=DTAU/2.
GO TO 85

C .... ADIABATIC BOUNDARY CONDITION

90 T(MP1)=T(MMI)

C
IFITAU.LT.PRTIME) GO TO 120

IF (PRTIME.GT.CHANGE) GO TO 91
PRTIME=PRTIME+PTAUI
GO TO 92

91PRTIME=PRTIME ÷ PTAU2

C .... PRINT TEMPERATURE DISTRIBUTION
92 IF (PRINT,LE.6.) GO TO 96

PRINT = O.O
WRITE (6tgg) (NAME(IItI=l,32}

96 WRITE(6tIO0) TAUIDTAU
IO0 FORMAT(l/ 36X, 4HTAU=EI2.5o 5XISHDTAU=EI2.SI

WRITE(6,101) (IIT(1),I=I,M)
......L01 -- FORMAT( 5(4Xt 2HI{,- I2,2Hlw, EI2,SL--JL

PRINT =PRINT+[°O
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C

I20 IF(TAUoGE.FTAU) GO TO I
C

WI=Q*(I.+DELTA*SINIOMEGA*TAU))
W2=D*((I.+E*T(1)).,4 -HI

C

C .... CALCULATE TEMPERATURES AT TAU+DTAU
C .... BOUNDARY

TP(1)=T(1)+CI2*DTAU*[T(2)-T(1)+DXl*[WI-W2))
C .... MATERIAL 1

DO 130 I=2,Nl

130 TP(1)=T(1)+CI*OTAU*(T(I-1)-2.*T(1)+T([+I))
C .... INTERFACE

TP(N)=T(N)+DTAU*(C3t(T(NI)-T(NII+C4*tTINPI)-T(N)))

C .... MATERIAL 2

DO 140 I=NPI,M
140 TP(1)=T(1)+CZ*DTAU*(T[I-I)-2.*T(1)+T[I+I))
C

C .... INCREMENT TAU

TAU=TAU+DTAU
C .... RESET

DO 150 I=l,M

150 T(1)=TPII)
GO TO 80

Cmomo-Q,_wm_oDoo_o_o_oD_mm_mlooj

END

SENTRY
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APPENDIX C

COMPUTER PROGRAM FOR THE NUMERICAL

SOLUTION OF CASE (ii) - VARIABLE FREE

STREAM CONDITIDNS: ENTRY CASE

Definitions of Input Quantities

FORTRAN NAME SYMBOL

NAME (I) Title of run under consideration.

Two cards are to be used.

o-

BETA

SIGMA

U

DE LTA

D

E

H

OMEGA

N1

N2

STAU

DTAU

PTAUI

PTAU2

CHANGE

FTAU

DIFFUS

AA

NOPTS

J

D

E

H

n

N1 (Number of strips in material i)

N2 (Number of strips in material 2)

Starting dimensionless time

mE

Print out dimensionless time

interval in range 1

Print out dimensionless time interval

in range 2

Vale of _ at end of range 1

Final dimensionless time

5, (ft2/hr)

a (in.)

Number of points in the table of

qo(t) vs. t for entry heating.

1 for new table of qo (t) vs. t

2 for table of qo(t) vs. t of previous
ca_e.
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FORTRAN NAME SYMBOL

TIME (X)

QQ (I)

T(I)

Set of time values t, in seconds,

at which values of qo(t) are
tabulated

Set of entry heat flux, qo(t),
in Btu/ft 2 - sec

Initial temperature distribution

at all nodes, dimensionless
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ISN SCARCE STATEFENT

11
12
17
2O
21
22
23

26
27

. 30
31

]2
35

36
37

_0
41

C $IBFTC ROBERT
l
2
3

_2

DEcK

C

C

11

C

C
C
C

C

CIMENSICN NAPE (321
CIPE_SICN T(IOO), TP(IC0) ....
CI_ENSICN TI_EI§O},GG(SOI,TTA_(501,CT(50),ZTAU(50)

1REAC (5,97) (NAMEIIItI-Ie32) ...........
q7 FORMAT (16A5)

WRITE (6tq9l (NAME(I)_I=lt32) .......................
q9 FORMAT (IHI,26AS/l_t26AS)

READ(§,2) BETA,SIGFA,_tCELTA,CtE,H,OFEGA ......
2 FORMAT(8EIO.O)

kRITEI6,SIBETA,SIGMA,U,DELTAtC,EtHtQe.[GA ...............
FORNATI/I/IH , 39Xl

1 4CX,
2 40X,
3 40X,
6 40X,
5 40X,
6 40X,
7 4CX,

8H BETA'El4.7, I
OH SIG_A=EI4.Tt / ......
OH _=E14.7, /
8H DELTA=El4.7, /
OH CzEI4.T, I
OH EzEIE.Tt / .................
OH H'EI4.7t I
6H OMEGA'El4.7 )

REAC(§,20)NI,NZ,STAU,CTAU,PTAUIepT_U2_,CHANGE,FTAU
10 FCRPAT (2lSe6ElO.C)

_RITE(6,IIINIeN2eSTA_,DTAU,PTAUItpTAU2e_CHJh§E,FTAU
FORMAT(

1
2
3
4
5
6
7

kOX, OH hl'I2 , /
kOXe 6H N2"12 , ! ....
kOXe OH STAL=Elk.7, /
40Xe 8H DTA_=E14.7e /
4OX, 8H PTAUI=EIG.7e /

60Xt 8H PTAU2sEIE.7t / ................
6OXe OH CHANGE'EIk. Te I
4OXt 8H FTAb'EX6.7 I

READ (5e7) DIFFUStAAehCPTS,J
7 FORMAT(2FIO.6e211C)

CIFFUS=THERMAL DIFF_SIVIT¥ IN FCCT SCLARE PER _CUR
AAzTHICKNESS OF REFRACTORY MATERIAL [h [NC_ES
NOPTS l_ THE N_NBER CF DATA PCIhTS USEC FCR TIMEII) CR CO(l)
kRITE lee33) DIFFUSe JAr NCPTS

33 FORMAT( 40Xe OH DIFFUS=EIk.Te /
1 40X, 8_ AA=El4.Te /
2 60Xe 8H hCPTS=I3 I

kRITE (6,34)
36 FORMAT (/i 2§Xe IOH 0 = ,

162HEPSILON • STEFAN • TI[)''6 I (GOIO) * RI
2 25X, ICH E = ,
362_QC(C) * R * AA/ (KI • Till)
4 25Xe IOH H " ,
562_(TEITKl))''_
6 25X, ICH PTAUI "t .....................
T62_PR[NT INTERVAL UP TC VALUE CF CHANGE
8 2§Xl IOH PTAU2 • t
962hPRINT INTERVAL AFTER VALUE OF CHANGE

NRITE 16t36)

................................................ 32,



43

44

51

36 FORMAT ( 25X, ICH CIFFUS " t
162PTHER_AL DIFF_SIVIT¥ IN FOOT SCUARE PER HOUR
2 25X, ICH AA • t
_62HTHICKNESS OF REFRACIORY MATERIAL [_ INCHES

¢ 25Xt ICH NOPTS • e
562HNUPBER OF POINTS USED FOR INPUT CAT_ CF TIPE VS GCCOT

WRITE {6,99) (NAHE(I),Iml,32) ...........

IF (J.EC.2) GO TC 111
C .... IF J=2 USE THE SAPE TABLEOF G VS TAU
C .... REAC IN TABLE OF C VS. TAU

54
61
66

C
C
C
C
C
C

67 llI
C

7C
7I

72
73
76
75
77

12.2
12_
125
126
127

- 130 " "

REAO(5,3)(TI_E(I),I'I,NCPTS) ...........................

REAO(§e3) ..... I_(IItI=ItNCPTS)
3 FORNAT(SE16.8)

TI_E(I) IS THE SET OF SELECTED VALUES CaLLEC TIME W_ICH ARE USEC
AS DATA FOR THIS PROGRAP
Q_(I) IS THE SET OF SELECTED VALUES CALLEC CCCCT WHICH ARE USEC
AS CATA FOR THIS PROGRAP
TINEII)-O.O
QQII) -QIO)
CAPPAsCIFFUSe144.O/(36CO.OeAAeJA)
CAPPA'(SQ.FT./HR)|S_.IN./SQ.FT.)/(SEC/_R)-(SC.INI).|/SECONCS

C....WRIIE CLT TABLE OF G VS. TAU
WRITE(6_g)

g FORMAT(// 36Xe 35HIABLE OF TAU VS C JNC TIWE VS CCCCTIII3IX,IhN,
I 7Xt 6HTA_(N)_ 9X. 6HG(N)e 9Xt 7HTIWE(N)e 6Xl BHGCCCT(N)I)

CC 6 II'L,NOPTS
TTAU(III'TIMEIIIIeCAPPA
QT([I)'_Q(II)ICQ(I)

6_¼RITE(6tk)IItlTAU(II)t_T([I)tTIPE([i)t_G([*[) -
6 FORNAT( 2QX_ [3t 6( 3_t F1[.6 ))

C
ICO WRITE (6,_9) (NA_E(I),I'l,32)

C
C....M-TOIAL NO. OF POINTS

lOS _=NI+N2+I
C

IC6 IFISTAb.EQ.O.) GO TC 30
C .... REAC INITIAL TEMPERATURE DISTRIBUTION

Ill REACISt2S)IT(I).I=ItP)
116 25 FORMATiEEIO.C)
117 GC TO *C

C
C .... INITIALIZE ALL TEMPERATURES TC ZERO

120 3C CC 31 I-ltM
121 31 TII)=C.

C
C .... CALCULATE ALL NECESSARY CONSTANTS .....

4C FN=NI
CXl=I./FN
FN=N2
CX2=BETA/FN
C1=1./(CX1**2)
C12=2.*C1
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Z31
132
133

135

137
1_0
141

14_

146

151
152

153
154
157
160

161
162

BOS-BETa/SIGMA
C2=(BOSIOX2I**2
CEE=BOS+I_*DXZ)/DXI
C3=(2o*BOS*CIIIDEN
C4-(2.-L*BOSe-2I/(CENeO_I*DX2) "
N=NI,|
NPI=N_|
MMI-M-1
MP 1=M41
PRTIME=STAU-CTAU/IO.
TAU-STAU
KCCUNTuC

C
C**..C_ECK FOR STABILITY
C .... MATERIAL |

CTAUPsl. ICI2
5C IF(DTA_.LE.DTAUP|GCIO6O ...............

OTAU'OTAU/2.
GO TO 5C

C .... MATERIAL 2
60 CTAUP*I./(2.*C2) ..............................

65 IF(CTAU.LE.OTAUP) GO TC TO..................................
OTAU=CTAUI2o
GO TO 65

C .... INTERFACE ....................................................................
TO OTAUP-I./IC3_C4)
75 IF (CTAU.LE.DTAUP|- G0--T_ -8C .........................................

........ 1_6.5...... OTAU,.OTAUI2.
166 GO TO 75.............................................. : .........................

C • ,i i l! i, • • • • • • • • I. • • I, • • ,I, • • • • • • • • • • • • • • 11

C .... 801_NI_ARY ........ "........................

167 8C DTAUP=I./(CI2* (I._OXIeDeE* (6°_EeT (1) • (6°+E-T[ 1)e(4. +EeT ( 1 ) ) ) ) ) )
..... 170 85 IF (OTAUoLE.DTAUP 1- GC-- TI_--§O-.................... " ....................

173 CTAUsCTAU/2.
.......................................................

174 GC TO 85
C

............. -C. ,, ,, • a C l AB a T l-C "8OUNOAR Y-CCND l]-I C-C'N-- -
175 90 T(MPl)-T(MMI )

C

176 IF(TAU°LT°PRTIME! GO TC 120
2 O1 .......... I F -( PR T I ME oG-E-;-CHAN-G-E'---(J;-0-1- i- -G_- -1"-C--_ [ - -
204 PRTIME=PRTIME,PTAU]

........ 20-5 ...... GC -TO 92
206 91 PRTIME-PRTIME • PTAU2

......... C ..........

C .... PRINT TEMPERATURE DISTRIBUTIOI_
........ 207- ..... 92 -] F _1PRI N-T.-LE,-4-.-["-I;_-TC-_

212 PRINT - O°O
-2-I_- ........... klRI TE -(t_-;-q_l )-- ( NAI,IE!I[ ! ! ,l,,l ,3Z!
220 96 MRITE(6tlOOI TAU,CTAU

..... Z21 - _[OO- ..... _FORMA T f f [ -36_-- 4H T_O-,.-E1-2-.-5-;- -5_-,-SH-CTI_r.EI-'E.-5-)- -
222 WRITE(6,10I) (I,T(II,I'ltMI

.... -a-._-i--[O"l-.... FO-RMAf(--5-t-<X-;-_N-fC;-f-;_'._Y;-.-_i-_._r7
230 PRINT -PRINT._[.O

C

7_4 mmDm_-



231 t2O |F(TA_.GE.FTAU) GO TC 1
C
C .... LCOK-UP

234 DO 8 K=ItNOPTS
235 IF(TAE-TTAU(K)IIZo13t8
236 8 CCNTINUE
260 KCOUNT-KCCUNT+I
241

242
245
246 16

247
250
253
254

255
256
257
260
261

Q4TAU=GT(NOPTSI*(TAU-TTAU(NCPTSI)-iGT(_CPTS)-QT(NCPTS-I)|/(TTAU(NO
IPTSI-TTAUINOPTS-I))

IF IKCOLNT.GT.I) GC TC 15
WRITE(6,16)

FORMAT ( lXt 2THIN ALL FURTHER CALCULATICNSt
162HThE LARGEST VALbE CF TAU I_ THE TaELE IS SNJLLER ThAN TAU REQUo
24CHIRED. THEREFORE / IX, IObT_E VALUE ,
362hOF Q USED IS THE RESULT OF A LINE-AR EXTRAPCLATICN BASEC CN ThE,
66CH LAS1 TWO TABULATEC VALUES. |

GC TO 15

12 IFIK.GT.I) GO TO 14 ..................
kRITE (6,18)

18 FORMAT(//§Xt54HRESUBM.IT THE CATA k|TP ThE FIRST ENTRY FCR TIME = 0
1.C.)

GC TO 1
16 Q¢TAU=QT(K-I)*(GT(K)*QT(K'i))eITAU-TTAU(K-I))/(TTAU(K)-TTAUiK-I))

GC TO 15
13 Q6TAU=QT[K)
15 Q-Q6TAU

262 WI-O*( 1. ÷CEL TAeS | N(OPEG.A*TAU) ) .....................
263 k2=Del(1.+EoTil))me4 -HI

C
C .... CALCULATE TEMPERATURES AT TAU+CTAU
C .... BOUNDARY

266 TP(II'TIlI+CL2eOTALeITI21-TII)+CXl*(kI'k2)) ....
C .... MATERIAL 1

265 CO 130 I=2,NI
266 13(; TP ( I)=T ( I )+C XeOTAU*(T (I-I)-2.*T([)+T (1÷1))

C .... INTERFACE

27(; TPINI=TIN)+DTAUo(C3eIT(NI)-TII_))+C4eITINPI)-T(N)II
C*...MATERIAL 2

_"/| CO |60 I"NPltM
2"/2 14G TP ( I )=T( I )+CZeOTAUeIT ( I-I)-2.,T(|)+T [ 1+1) )

C
C .... INCREMENT TAU

2"/6 TAU-TAU*DTAU
C .... RESET

2"/5 CO 15C I:I,M
2T6 15C T(II-TPII)
3C0 GO TO 8C

C • # • • • • • t • • • • gll • •" • • • • • • • • B • • • • • • • • • • •

301 END

............ 2S ......



APPENDIX D

COMPUTER PROGRAM FOR THE EIGEN-VALUES

Definitions of Input Quantities

FORTRAN NAME

U

S

N

DL

STOP

SYMBOL OR MEANING

O"

A number greater than or equal

to the value of the last Lambda

divided by DL

Width of interval checked for

change in sign (root)

Number of _$ desired (value of n)

76



[SN SOURCE STATEVENT

0 $IBFTC VALUES 0ECK

L C[VENS[CN Fi3OOO),ZLAM(3000)
2 CCVNON AIB,C,D
3 EXTERNAL FUN
4 I WRITE{6t2)

5 2 FORMAT{IHI,40X,26HCOMPOSITE SLAB EIGENVALUESIIIII)
6 REAO(5t3) UtStNtDL_STOP

IO 3 FCRMAT [2E lO.OtllOt2ElO.O)
IX WRITE {6t4) S,UtDL
12 4 FORMAT [3X,6HSIGMA=FI2.8_6Xt3HNU=FI2.8t6XtI3HDELTA LAMBDA=FI2.8///

Ill)
HRITE (6t51)
FORMAT (6X_IHNtBX_gHLANBDA(N)IT| ................

13
14 51

C
C .... CEFINITONS FOR SYMBOLS
C
C U = GREEK LETTER MU.........
C S = GREEK LETTER SIGMA

C ....... DL = kIOTH OF INTERVAL CHECKEDFOR CHANGE IN SIGN (ROOT) OF F
C STOP = NUMBER OF LANBCAS DESIRED
C N = A NUMBER GREATER THAN OR EQUAL TO THE VALUE OF THE LAST

LANBDA OIVIOED BY OLC
C

15
16
17
20

_21
22
23
24
25

26
27 5
31
32 7
33
36
37
40 9
41
42

A=I.÷U
"B=I.+S ...........

C=I.-U
D=l.-S
EI=I.OE-6
E2=I.OE-6
CO 5 I=I,N
ZLAN(I)=DL*FLOAT(I) ..........
G=A*SIN(B*ZLAM(I)I
H=C,SIN(D*ZLAM(I))
FII)=G÷H
NCOUNT=O - -
CC II L=2,N
IF ((FIL-1IIF(L) I.GToO.)GO TO 11 -
BL=ZLAMIL-I)
BU=ZLAN(L) ...........
GUESS=O.5*(ZLANiL-I)+ZLAN(L))
CALL ROOT {FUN_TtGUESStBLtBUtEItE2_I)
IF (I.NE.I) GO TO 13

....65 .........NCOUNT=NCOUNT+I ...................................

46 WRITE (6tlO) NCOUNTtT
47 10 FORMAT (4X_13_SXtF13.8) ......
50 KSTOP=STOP
51 - IF{NCOUNT.GT.KSTOP) GO TO 1
54 GC TO II

- 55-13-- WRITE(6+I4) .................................
56 14 FORMAT (6Xt36HROOT HAS NOT GIVEN A NORMAL RETURN)
57 II CONTINUE
61 WRITE (6,12)
62 12 FCRMATfIH1)
63 GC TO I

E4 ENC ............................................
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ISN SCURCESTATENENT

0 $1BFTC FUNCTN ...................

Z FUNCTTON FUNIT)
2 CG_NON AtBtCtD
3 FUN=A*SINIBeT)+CeSINIOeT)
6 RETURN
5 END



IS_ SCURCE STATEMENT

0 $1BFTC RCOTSL

I

C
C

C
C
C

C

C

C
C

C
C

C
C

C
C

C
C

C
C

C

2
3

4
C

5
C

6 2

7
C

lO I

II 8
C

12 9
13

C

14 7
15 6

16
17 80

20
21

22 I0
23 13
24
25 17

26
27 I8
30 20

31

32 19
33 22

34
35 21

SUBROUTINE RCOT {FUN,R,A,BLtBU,EP,E2,1)
%

SUBROUTINE R_OT IS USED TO APPROXIMATE AND HOME IN ON THE DESIRED

RCOT

ARGUMENT LIST--
FUN-FUNCTION SUBPROGRAM NAME

R -ARGUMENT OF SUBPROGRAE AND VALUE OF ROOT

A -INITIAL GUESS AT ROOT
BI -LOWER BOUND ON ROOT

BU -UPPER BOUND ON ROOT
EP -EPSILON TEST FOR FUNCTION - IF FUN(RIiABSOLUTE

VALUED IS LESS THAN OR EQUAL TO EP, I=l AND
RETURN

E2 -EPSILON TEST ON ROOT APPROXIMATION. IF RATIO OF DIFF-

ERENCE OF SUCCESSIVE APPROXIMATIONS TO CURRENT
APPROXIMATION IS LESS THAN E2 IN ABSOLUTE VALUE,

I=] AND RETURN,
I -ERROR CODE =1 FOR NORMAL RETURN

CIMENSICN XI3),FXI3)

G=A
ISP=O
TEST FOR LOWER BOUND ON ROOT LESS THAN UPPER BOUND

IF (BL-BU) 1,2,2
IF NOT , ERROR CODE I=3. RETURN,
I=3
RETURN
TEST FOR GUESS OUTSIDE BOUNOS.

IF IG-BL) 9,7,8
IF (G-BU)6,7,9
IF YES, ERROR CODE I=l AND RETURN
I=2
RETURN
IF GUESS=LOWER BOUND, COMPUTE GUESS=O.S*(BU÷BL)
G=(BL+B_)/2.0
GL=BL÷O.I'(G-BL)

GU=BU- O.I*(BU-G)

R=G
FG=FUNIGI

IF (ABS(FGI-EP) 13,13,32
IF (ABS IFXiII))-EP) I3,13,17

I=I
RETURN

I1=II
IF IFX(II)) 18,18,1g
IF(FX(12)) 20,20,2I

IM=I
GC TO 23
IF (FX(12)) 24,24,22

I_=O
GC TO 23
IP=12
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36
37
40 24
41
42
43 23

C
44
45
46 27
47 12
5O
51 14
52
53
54 28
55
56
57 63
60 64
61 34
62
63 65
64 29
65 31
66 33
67
70 35
71 36
72 38
73
74
75
76 37

77 40
100
101
102
103 39

104
105
106

I07 42
I].0
Ill 43

I12
I13 44

114 26
116 32

ll7
120

121
122

123
124

IM:II

GC TO 25

[P:II
IM:I2

GC TO 25

00 26 ICI:I,20

RCOT HAS NOT BEENBR_CKET_O_ USE SUCCESSIVE APPROXIMATION$'. "
T=FX{I2)-FX{[I)
IF [ABSIT)-O,OI-EP) 27t27t28
IF (X{ll)-X(I2)} 14,12,14
I=4

REIURN

X(IFI=O.5*{X(III+X(I2)) .............
R=X(IF)
GC TO 33
XIIF)=XII2)-(X(I2I-X{[I})/T*FX[I21
R=X(IF)

IF {XIIF)I 63,64,63
IF (ABS({X(IF}-X{12])/X{IF|}-E2 ......I 34,34,65

IF {ABS{X[IF)-X{I2})-E2 ) 34,34,65
FX(IF)=FUN(X{IF))
GC TO 13

IF {IB-l) 29,29,33

IF [BL-X[IF)) 31,31,32

IF {X(IF)-BU) 33,33,32 .................
FX(IF)=FUN (X{IFI)

IF {ABS(FX(IF))-EP) 13,13,35
IF {FX{IF)) 36,13,37
IF {IM) 38,38,39 ........
IP=I2
IM:IF .......

IF=If

GC TO 25
IF (IM} 39,39,40
IP=IF

IM=I2
IF =II ........
GC TO 25
II=II+l

12=12+I
IF:IF+I

GC TO {42,42,43,44],IF
12=I

GC TO 26

II:l
GC TO 26
IF:I

CCNTINUE
ISP=ISP+I

II:I
12=2
IF=3

X{12)=G

FX(I2)=FG

GC TO (47,4B,4g,50_Sl,6g,70ItISP-

0 -



RCOT HAS BEEN BRACKETED. USE APPROXIMATIONS ON EACH SIDE.
X(IF)=X(IP)-(X(IPI-X{IM))IIFX(IPI-FX(IMII*FX(IP)
R=X(IF)
IF (X(IF)) 61,62,6I
IF (ABS((X(IFI-X(IP))/X(IF))-E2 ) 34,34,67
IF (ABS((X(IF)-X(IM))/X(IF))-E2 ) 34t34,53
IF (ABSIXIIFI-XIIPI} -E2) 36t36t68
IF {ABSiXiIFI-XIIMII -E2) 34,34,53

125 47 X(II)=GL
Z26 R=GL

Z27 FGL=FUN(R)
130 FX{II)=FGL

131 GC TO IO

132 48 XIII)=GU
133 R=GU
134 FGU=FUN(R)
135 FX(II)=FGU
136 GC TO XO
137 49 X(I2)=GL
140 FX(I2I=FGL
141 G2=O.5*IG÷BL)
142 71 X(III=G2
143 R=G2
144 FG2=FUN(R}
145 FXIII)=FG2
146 GO TO 10
147 50 X(III=G2

150 FX(II)=FG2
151 GC TO 17

152 51 G2=O.5*(G+BU)
153 G_ TO 71
154 6q XilI)=GU
155 FX{II)=FGU
156 XfI2)=G2
157 FX(12)=FG2
160 GC TO 17
161 70 I=5

162 RETURN

163 25 DC 52 IC=1,50
C

164
165
166
167 61
170 67
171 62
172 68
173 53 IF liB-l) 54,54,55
174 54 IF (X(IF)-BL) 32t56,56
175 56 IF (X(IF)-BU) 55,55,32
176 55 FX(IF)=FUN(XIIF}) _
177 IF (ABS(FX(IF))-EP) 13,13,57
200 57 IF iFX(IF)) 58,13,5g
201 58 II=IM

202 IM=IF

203 GC TO 60
204 59 IT=IP

205 IP=[F
206 60 IF=IT
207 52 CCNTINUE
211 GC TO 32
212 END
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APPENDIX E

COMPUTER PROGRAM FOR THE ANALYTICAL

SOLUTION OF CASE (i) - CONSTANT FREE

STREAM CONDITIONS

Definitions of Input Quantities

FORTRAN NAME SYMBOL OR MEANING

TI

TF

DT

OM

MU

S

XI

D

IC

N

LAM (I)

Initial time

Final time

n

O"

1 for new set of As

2 use set of _. from previous case

n, number of .A'_

A.
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ISN SOURCESTATEMENT

0 $1BFTCSLAB2T
I
2

3 15

4 2
5

I0 3

II
14

21 4

22 19
23 1

24 16
25 5
2b
27 6

3O
31 ?

32
37 8
40
41 12

C

C
C
C

C
C

C

42
43

44
45
46

47

50

DECK

REAL MU,LAM,LAM2
DIMENSION LAMilOOI,LAM2ilOO),E(IOO),HI(IOO),H2(IOOI,H3(LO0)

READ (5,2) TI,TFIDTIOM,MU,S,XI,D
FORMAT {8EIO.O)

READ (5,3) IC,N
FORMAT (215)

IF (IC.EQ.2) GO TO 19

READ 15,4) (LAM(II,I=I,N)
FORMAT (5E16.8)

WRITE |6,1)
FORMAT (ItII,20X,TBHNO RADIATION COMPOSITE SLAB TEMPERATURE .... FOR

ICONSTANT FREE STREAM CONDITIONS////)

WRITE {6,5!
FORMAT (45X,37HINPUT PARAMETERS FOR THIS CASE ARE )

WRITE (6,6) TI,TFtDT,StD_OM,XItMU,N
FORMAT (/// 45X,

I 45Xt 15H
2 45X, 15H

3 45X, I5H
4 45X, 15H

5 45X, /5H
6 45X, 15H
7 45X, 15H
8 45X, 15H

WRITE(b,7)

L5H TAU INITIAL = F12.8,/
TAU FINAL = F12.8,/
DELTA TAU = F12.8,/

SIGMA = FI2.Bt/
DELTA = F12.8t/
OMEGA = F/2.8,/

XI = Fl2.8e/
MU = F12.8,1

N = I3 ill

FORMAT (IHO,4OX,52HTHE VALUES OF LAMBDA ARE, READING ACROSS FROM I

L TO N/i/)
WRITE (be8) (LAM(I)eI=LeN)
FORMAT ( 5 [IX,F20.8))

WRITE (6,I2l
FORMAT(IHO,14X,3HTAU,3OX,13HTHETA/(ARQ/K),25Xt2DHABS(SUM N/SJM (N-

Il)))
C
C .... DEFINITONS FOR SYMBOLS
C

C TF = TAU FINAL
C TI = TAU INITIAL

C DT = DELTA TAU
C OM = GREEK LETTER CAPITAL OMEGA

C S = GREEK LETTER SIGMA

MU = GREEK LETTER MU
Xl = GREEK LETTER Xl

O = GREEK LETTER DELTA
IC = CYCLE CHECK--READ IN I FOR NEW SET OF LAMBDAS---

READ IN 2 TO USE SET OF LAMBDAS FROM PREVIOUS CASE
N = NUMBER OF LAMBDAS READ IN

A=I.+MU
B=I.+S

C=I.-MU
P=I.-S

F=I.+MU*S
G=S+XI

H=S-XI

_3 .....



51
54
55

57
6O
61
62
63
6_
65
67
70
71
72
73
74
75
76

101
102
103
104
105
106
111
LI3
114
115
116
117
120
123
124

18
17

9

I0

20
21

ll

13

14

IF (IC,EQ,2I GO TO 17
DO 18 I=ImN
LAM2II)=LAMII)*LAM(I}

DO 9 |=fIN

EI=A*BmCOSIBmLAMII))
E2=C*P*COSIP'LAMII)) .......

E(1)=EI÷E2
H2(IJ=(LAM2II)/OM|**2+I .........

H3|I)=I./LAM2II)-{D/OM)/H2II}
HIII|=IAwCOSILAMIII*H)+C*COSILAMII)*G))/E(I|

TAU=TI
GI=TAU+(D/DM)m(I,-COS(DMmTAU)) .....................

G2=3,mXImXI+2,mSmS-6,*MUmSmXI-I,_2.-Sm(S+MU)/F
G3"G2*(I,+D_SINIOM'TAU))/6 ...................................

G4=IGI+G3)/F
SUM=O.O ...........................................

DO II K=I,_
IF ILAM2IKI*TAU,GE,86,I_GI]_.IJ]....20

H4=H3(K) mEXP I-LAM2 IK)*TAU)
GO TO 21 .........................................
H4=0.0
HS=ICOSIOM*TAUI/OM+SINIOM*TAUI/LAHZKKI_I_OtH2IK)
SUM=SUM+HIIK)_IHE+HS)
IF IIN-K).EQ,I) ZI=SUM ..................................
CONTINUE
THETA=G4-2,*SUM ...................................................
Z2=ABS(SUMIZI)

WRITE I6,13) TAU,THE_&m.,Z ..............................
FORMAT IIH t6X,FIS.8o8XeF20.8_ 20XtF20.81
TAU=TAU+DT ............................................
IF (TAU.LE.TFI GO TO 10
GO TO 15 .......................

END
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APPENDIX F

COMPUTER PROGRAM FOR THE ANALYTICAL

SOLUTION OF CASE (ii) - VARIABLE FREE

STREAM CONDITIONS: ENTRY CASE

Definitions of Input Quantities

FORTRAN NAME SYMBOL OR MEANING

TITLE (I)

U

S

D

OM

Xl

LC

GC

GL

RI

R2

R3

R4

DTI

DT2

DT3

DT4

TIMEA

TIMEB

TIMEC

TIMED

TIMEM

Title of run under consideration.

Two cards are to be used.

n

A

Y

Limit of _ in print out of range 1

" " " " " " " " 2

I! I! II I! III II I$ I! 3

" " " " " " " " 4

A_ in print out of range 1

" " " " " " 2

" " " " " " 3

" " " " " " 4

t , in seconds
a

t b , " .

t • II I|

c

t d , " ,,

t m , " .
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FORTRAN NAME SYMBOL OR MEANING

TIMEI

TIMEF

TEMPI

ASMALL

ABAR

R

ALPHA

PHI

CAPPA

Qo

B

N

J

L(I)

Initial

Final

Initial temperature

a, ft.

A, l/see 2

R

_, ft2/sec

_, 1/see

K 1 Btu/ft-sec-°F

qO(O) Btu/ft2-sec

n, number of _'S

1 for new set of _£

2 use set of A°$ from previous case

A.

86



ISN SOURCE STATEMENT

O
1
2
3
4
5 1

12 2
13
14
15
16
17
22 3
23 4
26 6
31

2

33
34
35
36

C
C....

C
37 ?

40 8

$1BFTC ROBERT DECK

REAL L,LLtLC,LCMItLLOMtLLOM2
DIMENSION L(IOO|,LL(IOO),LLOM(IOO),LLOM2iIOO),E(IOO),-G([Od-|-

DIMENSION EMBMAIIOOItEMTTB(£OOItEPPTAKIOO),GPKIOOI,TITLEI32)
DIMENSION EMTTC(IOO)-,EMCHB(IOO)iEMTTA(IOO)_EMTA(IOO) ..... " .......

READ (5,2) (TITLEII),I=It32)
FORMATKI6AS) ....................................................
READ (5t3) U,S,DtOM,XI,LCtGCtGL
READ (5t3) RI,R2,R3,R6tDTltDT2,DT3,DT6
READ (5,31 TIMEA,TIMEBtTIMEC,TIMED,TIMEMtTIMEI,TIMEF,TEMPI
READ 15,3) ASMA[L,ABARtR_ALPHA,PHIt_A_PA.QO,-_ ....................

READ (5,6) NtJ
FORMAT [8 E lOoO) ...........................................
FORMAT 1215)
WRITE (6,7) ITIT[_|I_,I'[,)2) ..............................................
WRITE (6,81 U_TIMEA,R£1ASMALL,StTIMEBtR2,ABARtDITIMEC,R3tALPHA, OMt

ITINED,R6,PHI,XI,TIMEMtD_I,CAPP_'LC,TINEI,DT2_TERPI;'GC;TIMEFVOT3,B,--

2GLtNtDT6,QD,JtR
WRITE (6,9)

WRITE (6,lO)
WRITE (6,11)
WRITE (6,18)
WRITE (6,Z9)

FORMAT STATEMENTS

FORMAT(XHi,.Z4X;[_S/2SX;+[_S) ..................................................
FORMAT(//SOXtZOH* INPUT PARAMETERS *11

AI2X6H U =EI6.Bt§XTHTIMEA-_EI_E_IIXSH-RI-_EI#_8_BXBHASMAEE-_EI_B/-
BI2X_H S =EI_.B,9X7HTIMEB =EI6°8_IIXSH R2 =EI6oB_BXBH ABAR =E16.8/
CI2X6H D =EX6.B,9XTHTIM+_C--_E_t-II_SH--R-_--_-k-.B_BXBH_E_HA--_E'-I-k-L-,B*F
DI2X6HOM =EI_.B,9X7HTIMED =EI6.B,[IXSH R6 =E16°8,8XBH PHI =EL6.8/

" E12X4HXI =Et6.8,gXTHTIREM-_EITCB_IIXSRDTI-_EIT;B;BXBR-CAPPA-_EI_¥87 --
FI2X6HLC =EI6.B,9X7HTIMEI =E16.BtIEXSHDT2 =EI6.8,BXBH TEMPI =E16°8/

- GX2X6HGC =EI;.8;gXTHTIMEF+_EI#;E;IIXSROT3-;EIT;ff;BXBH ..... _-;EI;CB/--
H12X_HGL =EX4.8,gX7H N =I_, 21XSHDT6 =E16.8/

...............II2X6HQO =EI4.8,gxTH ........._-_I-_; 22XSH R =EI_-_I

61 9 FORMAT(//52X,15H, DEFINITIONS ./IIIXISHGREEK FORTRAN, I3XTHFORTRA
IN,40XTHFORTRAN/IOXi_RLETTER---_ME;I§X;I_RN_RE---_E_NING_33X_I_H_--

2ME MEANING/I)
42 10 " FORMAT( ..................................................................................

A6XIBH ALPHA ALPHA,17X,32HTIMEA STAGE I UPPER LIMIT
.... BITX,35H R[ " LIMIT OF TAU IN-PRINT-R_NGE-1-/

C6XI8H GAMMA GL _17X,32HTIMEB STAGE 2 UPPER LIMIT t
............ O17X,35H R2 ---LIRITOF-T&U-TN--PRINT-RANGE-27 ....................................

E6XI8H CAP GAMMA GC ,17Xt32HTIMEC STAGE 3 UPPER LIMIT ,
................ FI7X,35H-R3 .... [IMITOF'-TAU-IN-PRINT-R_NGE-37 ...............................

GGXI8H DELTA D ,17Xt32HTIMED STAGE 6 UPPER LIMIT t

................... RITXt3SH R4 ...... LI_T-DFTAU IN PRINI RANGE ¢1
63 11 FORMAT(

................. IGXIBH .......... KAPPA ...... CAPPA;I7X;3ZRTIRER---TTRE-OF-R_X-REAT-EOAD ,
LITXt3SHDTI DELTA TAU IN PRINT RANGE I I

........ K6XIBH ......[AMBDA---[(IT-_I7X;3ZRTIMET---TNITT_E-TIME

LI7X,35HOT2 DELTA TAU IN PRINT RANGE 2 I
......... --lqbXIBHI;AP-E+AI_A--_C ,I1Xt]ZHI|R_P PINAL Tlm_ t



44 18

45 19

C

46

51

52 13

53

54 12

61 16

62 15

67 14

70

71

LI7X,35HDT3
06XI8H

LI7X,35HDT4

FORMAT{
Q6XI8H CAP 3MEGA ON ,ITX,32H TEMP

RITX,35H R SCALE FACTOR
A6XI8H PHI

BI2X,38HASMALL
C6XL8H CAP PHI

DIZX,38H
E6XI8H

212X,38H

FORMAT[

G6X|8H THETA THETA/
H6X18H Xl XI //)

DELTA TAU IN PRINT RANGE 3 /
MU U ,17X,32HTEMP[ INITIAL TEMPERATURE

DELTA TAU IN PRINT RANGE 4 )

PHI ,I7X,34H N

CHARACTERISTIC LENGTH

P ,I7Xe34H J

TEMPERATURE, DEG R

/

NUMBER OF LAMBOAS READ IN ,

/

CONTROL-I-USE NEW LAMBDAS ,

ABAR GROUPED TERMS-SEE REPORT /
SIGMA S ,17X,34H 2-USE LAST LAMBDAS,

B CONSTANT TERM-SEE REPORT ]

72

73

74

75
76

77

tO0

IOl

102

103

I04

105

106

107

liD

III

112

I13

I14

115

116

I17

120

121

IZZ

123

IF (J.EQ.I) GO TO 12
WRITE {6,13)
FORMAT(/30X49HTHE LAMBDAS FROM THE PREVIOUS CASE ARE SPECIFIED.)

GO TO 15

READ (5,16) {LilI,I=I,N)
FORMAT(SElb.8)
WRITE(6,14) [I,L(IItI=ItNI

FORMAT(40X,29HTHE EIGENVALUES [LAMBDAS) ARE//SI3X,2HL(,I2,2H] =,

IE14.8))
C
C .... CALCULATION OF CONSTANTS FOR INTERNAL USE

P=ASMALL*ASMALL*PHI/ALPHA

TA=ALPHA*TIMEA/(ASMALLeASMALL)
TB=ALPHAiTIMEB/(ASMALL*ASMALL)

TC=ALPHAmTIMEC/{ASMALLoASMALL)
TD=ALPHA*TIMED/(ASMALLmASMALL)
TM=ALPHA*TIMEM/{ASMALLtASMALLI

TI=ALPHA*TIMEI/(ASMALLoASMALL)
TF=ALPHAQTIMEF/_ASMALLeASMALLI

SOTA = SIN(OM*TA)

SOTB = SIN(OMwTB)

SOTC = SIN(DM_TC]

SOTD = SIN(OMeTD)

COTA = COS(OM*TA)

COTB = COS(OM*TB]

CDTC = COS(OMmTC)

COTD = COS(OMeTD!

LCMI = LC-I.

GLMI=GL-[.

DOM = D/OM

POM = P/OM

EPA = EXPIpoTA)

EPB = EXP[PtTB)

EPC = EXP{PtTC)

EPD = EXP[P*TD)
EMA = EXP(-P*TA)
EMB = EXP(-P*TB)

EMC = EXP[-P*TC)

EMD = EXP[-P*TD)

...... 88-----



124
125

126
127

L30
131

132
133

134
135

136

137

142

143

144 17

145 31

150

151

152 32

I53 21
156

157

160 22
161 20

163
C

164

165

166

167

170

171

172

173

174

17b

202 I01

203

206

211

214

TBMTA = TB-TA

TCMTB = TC-TB

TDMTC = TD-TC

C = I.I[I.+U*SI

F = (C/6.)*{3.*XI*XI+Z.oSwS-6.*UeS*XI-I.-2.*S*(S+U)*C)

DO 20 I=I,N

C LII) = THE ITH EIGENVALUE {LAMBDA)

LL[I) = Lil)*L{I)

LLOM{I) " LL(1)/OM

LLOM2(1) = LLOM(I)*LLOM{I)

E(1) =.O.25*LL|I)m({I.+U)*II.+S)*COS(L(1)*{I.+SI)÷{I,-U}*I I.-S)*
ICOS{L(1)*[I.-S)I)

G(1)'¢O.51E(1))*{{I.÷U)*COS|L(1)*{S-XI)D*{I.-U)mCOS|L(I)*(S+XI))|

IF ILL{I)*TA.GE.86.) GO TO 17

EMTA(1)=EXP(-LL(1)*TA)

GO TO 31

EMTA[I)=O.O

IF (LL{I)*TBMTA.GE.86.) GO TO 32

EMBMAfl)=EXP(-LL{I)*TBMTA)
GO TO 21

EMBMAII)=O.O

IF {LL(1)tTCMTB.GE.86.) GO TO 22

EMCMB(1)= EXP(-LL(1)*TCMTB)

GO TO 20

EMCMB(1)=O.O

CONTINUE

ARQK=ASMALL*RmQO/CAPPA

DIMENSIONLESS TEMP=CAP THETA-tTEMP-TEMP INITIAL)/ARQK

A=ABARm(ASMALL*ASMALL/ALPHAIom2

T = TI

PT =TI

SUM = 0.0

THETA = 0.0

dl = I

J2 = 2

J3 = 3

J4 = 4
C
C o * . m . o . m m • • . . . . . . . . . . . . . . . . . . . . . . . .

C
WRITE [6,101) {TITLE{I),I=I,32)

FORMAT(1Hlt24XoI6AS/ZSXtI6AS//)
IF (T.LE°TA) GO TO 100

IF (T.LE,TB) GO TO 200

IF (T.LE.TC) GO TO 300

IF {T.LE.TD) GO TO 400

C

C ** STAGE I ************************************e**********************
C

21/ 100

220 102

221 105

WRITE (6,102) JI,TI,TA

FORMATI/30X,36HTHE FOLLOWING RESULTS ARE FOR STAGE ,II,IZH,TAU BET

IWEEN,FB.3,1X,3HAND,F8.311122XI3HDIMENSIONLESS,12XI3HDIMENSIONLESS,

216X4HTIME,lgXIIHTEMPERATURE/23XIOHTIME ITAU),I5XIIHTEMPERATURE, 17X
35H(SEC),ISXI1H{DEGREES R)//)
THETA =0.0 ..............



222

223

224

225

226

227 106

231
232

233

236

237

240 I07

241 108

242 109

244

245
240

251

252

253 131
254 132

255 I11

257

260 112
262

263

EP = EXP{ PmT)

EM = EXP(-PmT}

SOT = SIN{OM*T)

COT = COS(OMiT)

DO 106 I=1,4

GP(I} = 0.0

GP ( I )=C/Pm (EP- t . )*F*EP* ( I .÷D.SOT)

DO 109 I=I,N

IF (LL(II*1.GE.86.) GO TO 107

EX=EXP(-LL( I )mT )

GO TO 108

EX:O.O

SUM=G( I )m (EX+P/(LL ( I )÷P)* (EP-EX})

GP (2 }=GP (2)- SUM

GP (3) =C*EP/( POM-POM+ I. ).DOM. I POMeSOT-COT+EM)

DO Ill I=I,N

IF ((LL(1)IP).T.GE.86.) GO TO l)I

EZ = EXP(-(LL(1)+P)*T)

GO TO 132

EZ = 0.0

SUM=G { [ )*DmEPI ( (LLOM( I )÷POM)**2+[. )*( (POM* {LLOM( I )÷POM l+l. }*SOT

I +LLOM ( I )*COT-LLOM( I )*EZ )

GPI4)=GP(4)-SUM

DO 112 I=I,4

THETA:IHETA÷GP{I )

T IME=ASMALL.ASMALL*T/ALPHA

TEMP= TEMPI +ARQKtTHETA

C .... PRINT OUT TIME
264

265 120

266
271

274

271
302

303

304 125

305

306 130
30?

310 135

311

312 140

313 110

316

321

322

325

326

331

332

333 121
334 122

335 I23

336 124

WRITE {6,120) T,THETA,TIME,TEMP

FORMATIIOX,4(IOX,FI5.8)}

IF (T.LE.RI} GO TO 125

IF (ToLE.R2I GO TO [30

IF (T.LE.R3) GO TO 135

IF {T.LE.R4) GO TO 140

WRITE (6,124)

GO TO 1
T = T + DTI

GO TO II0

T = T ÷ DT2

GO TO II0

T : T + DT3

GO TO [lO

T = T ÷ DT4

IF (T.LE.TA} GO TO 105

IF (T°LE.TB) GO TO 200

WRITE (6,121)

IF (T°LE.TC) GO TO 300

WRITE (6,122)

IF (T.LE.TD) GO TO 400

WRITE (6,1231

GO TO I

FORMAT(/IX,49H OT IS GREATER THAN {TB-TA).

FORMAT(IIx,49H DT IS GREATER THAN {TC-TA).

FORMAT(/IX,49H DT IS GREATER THAN {TD-TA).

FORMATilIX,49H TA IS GREATER THAN R4.

HENCE SKIP STAGE 2.11)

HENCE SKIP STAGE 3.111

HENCE SKIP STAGE 4.//1

HENCE SKIP STAGES 2,3t4.11)

9O



406
_.07
412
415
420
423
424
425
426
427
430
431
432

C
C **
C
200
205

STAGE 2 *******************.*****...******************tom**********

337 WRITE 16tI021 J2_TAtTB
340 THETA = O.O

341 SOT=SIN(DM*T)

342 COT=COS(OMuT)
343 TMTB=T-TB
344 TMTA=T-TA

345 DO 206 I'l,lO0
346 206 GP(1)=O.O

350 GP(I)=C*(TMTA*EPA+IEPA-I.I/P)
351 GP(2)=C*DOM*EPA/(POM*POM÷I.)*(PON*SOTA-COTA+EMA)
352 DO 209 I=I,N

353 IF (LLII)*TMTA.GEo86.) GO TO 207
356 EMTTAflI=EXP(-LLII)'TMTA)
357 GO TO 208
360 207 EMTTAII) =0.0

361 208 SUM=G(IIIILL(I)IP+I.)*EMTTA(II*IEPA÷LL(1)/P*EMTA(I))
362 209 GP(3)=GP(3I-SUM
364 DO 211 I=I,N

365 SUM=G(I)*EqTTA(I)/I(POM÷LLOM(I))**2+I.I*((POM*(POM+LLOM[I)),SOTA
A +SOTA+LLOM{I)*COTA)*EPA-LLOM|I)*EMTA(1))

366 211 GP(4I=GP(4)-D*SUM

370 GP(SI=C*EPA*(DOM, ICOTA-COT)+DOM/OM*LCMIITBMTA. I-ON,TMTA,COT+SOT
l -SOTA)+LCMI/TBMTA*TMTA*TMTA/2o)

371 GP(6)=EPA*F*(I.+D*SOT)*(I.+LCMI/TBMTA*TMTA)
372 DO 212 I=I,N

373 Z=LLOM(I)
374 ZZ=LLOM2|[)

375 EML=EMTTA(1)

376 218 SUM=GII)*(D/IZZ+I.)*(Z*COT+SOT-(Z*COTA÷SOTA)*EML)÷LCMIITBMTA.D
l *{TMTA/(ZZ+L.)*(Z*COT+SOT)-I./(OM*(ZZ÷L.)**2)*|ZZ*COT÷2.*Z
2 *SOT-COT-(ZZ*COTA+2.*Z*SOTA-COTA)*EMLI)+LCNI/fTBMTA*LL|I))
3 *(I.-EML)+LCMI/TBMTA*DOM/{ZZ÷I.)*(ZeSOT-COT-[Z*SOTA-COTA)*ENL
4 )I

377 212 GP(TI=GP(7)-EPA*SUM
401 DO 213 I=1,7
402 213 THETA=THETA*GP(I)
_04 TIME=ASMALL*ASMALL*T/ALPHA

405 TEMP=TEMPI÷ARQK*THETA
C .... PRINT OUT TIME

WRITE (6,1201 T,THETA,TIME,TEMP

225

230

235

IF |T.LE.RI) GO

IF (T.LE.R2) GO
IF (T.LE.R3) GO

IF (T.LE.R4) GO
WRITE 16,224)

GO TO I
T = T ÷ DTI
GO TO 210
T = T ÷ DT2

GO TO 210
T = T ÷ DT3

GO TO 210

TO 225
TO 230
TO 235
TO 2#0

......... 9]; ....



433 T = T ÷ DT4

434 IF(T.LE.TB) GO TO 205

437 IFIT.LE.TC) GO TO 300

442 WRITEI6,222)

443 IF(T.LE.TD) GO TO 400

446 WRITE(6,223)

447 GO TO l

450 222 FORMATI/IX,49H DT IS GREATER

45l 223 FORMATIIIX,49H DT IS GREATER

452 224 FORMAT(/IX,49H TB IS GREATER

C
C **

C

453 300 WRITE I6,102) J3,TB,TC

454 305 THETA = O.O

455 SOT=SINIOMmT)

456 COT=COSIOM*T}

457 TMTA=T-TA

460 TMTB=T-TB

4hi DO 304 I=I,N

462 304 GPII)=O.O

464 DO 306 I=I,N

465 IF (LLII)*TMTA.GE.86.) GO

470 EMTTAil)=EXPi-LLil)*TMTAI

471 GO TO 318

472 3L7 EMTTA{I|=O°O

473 318 IF (LLII)*THTB.GEo8b.) GO
476 EMTTB(I)=EXP(-LL([I*TMTB)
477 GO TO 306

500 315 EMTTB(I)=O.O
501 306 CONTINUE

C

240

210

THAN ITC-TB). HENCE SKIP STAGE 3.11)

THAN {TD-TB). HENCE SKIP STAGE 4.I11

THAN R4. HENCE SKIP STAGES 3, 4. //I

TO 317

TO 315

EMBMAIII=EXPI-LLII)*TBMTA) WAS CALCULATED PREVIOUSLY
503 GP(I)=C*ITMTA_(I.+O*SOTA)*EPA÷(EPA-I.)/P)

504 GP(2)=C*DOMmEPA/(POM*POM+[.)mIPOMeSOTA-COTA+I./EPA)
505 GP(3)=F*(I.÷D*SOTA)*EPA
506 00 307 I=I,N

507 SUM=GII)IILLII)IP+I.I*EMTTA(II*(EPA÷LL(IIIP*EMTAIII)
510 307 GP(4)=GP(4) -SUM

512 DO 308 I=I,N

513 SUM=G(1)mEMTTAII)IIIPOM+LLOMII)I**2÷I.|*(IPOM*IPOM÷LLOM(I|)*SOTA
A +SOTA+LLOMII)*COTA)*EPA-LLOMIII*EMTA(1))

514 308 GPIS)=GP(5)-D*SUM

516 GP(6I=EPA*C*IDOM*IOH*T*SOTB-COTB-OM*TB*SOTB-OM*T*SOTA+COTA+OM*TA*

ISOTA)+LCMIITBMTA*DOM/OM*ISOTB-SOTA)-LCMImDOMm(COTB÷OM*TBmSOTB-OM.
2T*SOTB)÷LCMI*iT-O.5*iTB÷TAIII

517 GP(7I=EPA*F*(D*{SOTB-SOTA)÷LCMI*(I.÷D*SOTB))

520 00 309 I=I,N
521 SUM=GII)*EMTTB(II*(D/(LLOM2II)+I.)*(LLOM(I)*COTB÷SOTB-(LLOM(II.

ICOTA+SOTA)*EMBMAII)I÷LCMIITBNTA*D*ITBMTAI(LLOM2(II*I.)*(LLDM{I).

2 COTB+SOTB)-I./IOM*ILLOMZ(I)+I.)**Z)*ILLOM2II)*COTB÷2.*LLOM(I).
3SOTB-COTB-ILLOM2III*COTA÷2.mLLOM{II*SOTA-COTA)*EMBMA{I))) ÷

4LCMIIITBMTAeLLII))mII.-EMBMAII))+LCMIlTBMTA*DOM/ILLOM2(1)÷I°) .

5(LLOM(I)*SDTB-COTB-ILLOMIII*SOTA-COTAI*EMBMA(I)))
522 309 GPI8)=GPIBI-EPA.SUM

524 GPIQ)=C*I-A*IT*T*T/3.-TmTB*TBe2,7_._T'B_IFB*TB-TM.TMTB.TMTBI÷DOM_ ......

9_ ... ...........



525

526
527
530

531

53;'
533

53#

535
536

537

540
5kl 311 GP(II)=GP(II)+G(1)tSUM

5_3 DO 3[2 I=Itll

544 312 THETA=THETA+GP(I)
546 TIME=ASMALL*ASMALL*T/ALPHA
547 TEMP=TEMPI÷ARQKwTHETA

C .... PRINT OuT TIME

IIGC-AtTM*TM)iI-COT-OM, T-SOTB+COTB÷OM*T_mSOTB)_2,mAQDOMItOMnOMJ,

2(-OM*TmSOT-2.*COT-OMwTISOTB÷OMwOMwTtTB,COTB+2._OM,TBoSDTB-COTB,

3((OM°TBIto2-2. i)÷2._A*TM*DOMIOM*I-SOT÷SOTB÷OMmTMTBmCOTB)÷2.tA,TM,
4DOMIOM*(-OM*TeCOT÷2.eSOT-OMeT*COTB-OM*OMmTeTB*SOTB+2.eOM*TBeCOTB

5+OMaOM*TBoTBeSOTB-2-oSOTB) - AmDOM/OMIOMe(-OM*OM*T*ToCOT-2o*OMITm

6SOTe6.uCOT÷6.uOM*T*SOT-2.*OM*OMwTuTBQCOTB-OMeTQiOM,OM,TBtTB-2.Ie
7SOTB÷(3.mOMmOM.TB.TB_6.)mCOTB+fOMmTB|tm3.SOTB_6°.OMmTB.SOTB) ) --
GP[IOI=Fw(-A*IT*T-TBoTB)÷2°oAmTM* TMTB ÷D*iGC-A*TMwTM)m(SOT-SOTB)

I-2.oAeDOMIOMm(SOT_OMmTmCOT_SOTB_OM_?B,COTB)+2L,A, TMmDOM,|COTB+OMo -
2T*SOT-COTB-OM*TBeSOTB)-AoDOM/OMeI2.mOMoT*COT÷OMeOM*T*T*SOT-2°*SOT
3-2-_OM_TBe_OTB-OM*OM*TB_TB*SOTB+2L*_OTB)) .........

DO 31L I'L.N

XL= 2.*AI(LL(II*LL{I)) *((LL(1)_T-[°)'(LL(|)*?B-I.I*EMTTB(1)) -

X2=-2.*A*TMILL(II*(I.-EMTTB{I)I-D*(GC-A*TM*TM)I(LLOM2II)eI.)
B *[LLOMII)*COT÷SOT-(LLOM(I)*COTB÷SOTB)*EMTTB(I))

C I(LLOMZ(II+I.I*(T*(LLOM(1)*SOT-COT)-TB*(LLOM(1)eSOTB-COTB)

D *EMTTB(III-I./(OM*(LLDM2(I)+I.))**2e(LLOM21I)*SOT-2.*LLOM{I)
E *COT-SDT-(LLOM2(I)*SOTB-2**LLOM(I)*COTB-SOTB)*EMTTB(1)))

Z=I,/ILLOM2(I)+[.)

X4= -2.*A*D*TM*(Z/OM*ILLOM(I)*SOT-COT-(LLOM(Ii*SOTB-COTB)
A *EMTTB(I)))

XS= -2.*A*D*TM*(Z*(T*{LLOM(I)*COT+SOT)-TB*(LLOM(I)*COTB+SOTB)
A *EMTTB(I))-Z*ZIOM*(LLOM2(I)*COT+2.*LLOM(1)*SOT-COT-(LLOM2(I)
B *COTB+2.*LLOM(I)*SOTB-COTBI*EMTTBII)))

X6= Z*(T*T*(LLOM(I)*COT÷SOT)-TB*TB*(LLOM(II*COTB÷SOTBI*EMTTBII))
XT=-Z*ZIOM*(T*f2**LLOM2(I)*COT÷_.*LLOM(I)*SOT-2.*COT)-TB*(2.

A *LLOM2(I)*COTB+4.*LLOM(I)*SOTB-2.*COTBI*EMTTBII))
X8= 2.*Z**31OMIOM*(LLOM2(I)*LLOM(I)*COT÷3.*LLOM2[I)*SOT-3.*LLOMII)

A *COT-SDT-ILLOM2(I)*LLOM(I)*COIBe3.*LLOM2fIIeSOTB-3.*LLOM(1)
B *COTB-SOTB)*EMTTB(I))

SUM=XI÷X2÷X3÷X_+X5+A*D*(X6+X7÷X8)

550 WRITE (6,120) T,THETA,TIME_TEMP
551 IF IT.LE.RI) GO TO 325
554 IF (T.LE.R2) GO TO 330
557 IF (T.LE.R3) GO TO 335
562 IF (T.LE.R_) GO TO 340
565 WRITE 16_32_)
566 GO TO 1
567 325 T = T ÷ DT1
570 GO TD 310
57_ 330 T = T + DT2
572 GO TO 3_0
573 335 T = T ÷ DT3

_ _574 GO TO 3_0
575 3_0 T = T ÷ DT_
576 310 IF (T.LE.TC) GO TO 305
601 IF (T.LE.TD) GO TO 400

-604 ............ WRITE I6_323T .......

93



6O5
606 323
607 32_

C
C **
C

610 400
611 405
612

613

614
615

616

617
620

621

622
623
624

625
626
631

632
633 417

-634 418

637
640
64l 407

"642 _08 "
645
646
647 409

--650 +06

C

" 6S2 " "
653 450

-6-55 ........
656

-657 ....
660

-661 ....
662 451
664 --
665

GO TO t - .............................

FORNATIllXt%gH DT IS GREATER THAN (TO-TC). HENCE SKIP STAGE %.//)
FORMAT(/1X,49H TC IS GREATER THAN R¢. _H_NCE SKIP STAGE 6.- - /})

HRITE (6,102) J4,TC,TD
THETA = 0-0
SOT=SIN(ON*T)
COT=COS[ON*T)
TMTA=T-TA
TMTB=T-TB
TNTC=T-TC
TNTD=T-TD
OT=ONeT
OTA=OM*TA
OTBzOMwTB
OTC=OM*TC
OTO=OM*TD

DO %06 I=l,N
IF lLLiI)*TMTA*GE.86.| GO TO 417

ENTTAII)=EXP(-LLII)*TMTA)
GO TO 418 ...................

EMTTAII)=O.O
IF (LL(I)*TMTB.GE*86;) GOTG_-OT--
ENTTB(I)= EXP(-LLIII*TMTB)
GO TO 408
ENTTBII)=O.O
IF (LL(I)*TMtC.-GE;_6._ GO_TO _09
ENTrC(II=EXP(-LL(|I*TNTC!
GO TO 406
EMTTCII)=O.O
CONTINUE ........................................

00 %50 l=t,iOO ............................
GPII)=O.O
GPII)=C*(THTA*(I.÷D*SOTA)*EPAe(EPA-I.)/P)
GPI2I=CeDOHeEPA/IPOM*POMeI.)e(POM*SOTA-COTA+I./EPA)
GP(3)=F*(I.+D*SOTA)*EPA ...................
DO %51 I=I,N
SUM=GII)*EMTTA(IIIILL('IIlP+I.}*(EPA÷L[{I)/P*ENTA(I))
GP(4)=GP(%)-SUM
O0 452 [=I,N .................
SUM=GII)*EHTTAIII/(IPOM+LLOM(I)Ie*2+X.]e((PONe(POM÷LLOM(I|)eSOTA

I
666 e,52

- 670 •

671
672 -
673

......

2

÷SOTA+LLOM(I)*COTA)*EPA-LLOM(X|eEMTAI])) ................
GP(5)=GP(5)-O*SUN

" GP(6)=EPA*C*[DONm(OTmSOTB-COTB-OTB*SOTS-OT*SOTA+COTA+OTAeSOTA}
A +LCNIITBHTA*DONION*(SOTB-SOTA)-LCNIeOONe(COTB+OTBeSOTB-OT

B *SOTB)+LCMI*(T-O.5*(TB+TA))) ..................
GP(7)=EPAmF*ID*ISOTB-SOTA)+LCNI*II.+D*SOT8))
DO %53 I=I,N -"
SUM=GII)*EMTTBII)eID/ILLOMZII)+I.)*ILLOMII)*COTB÷SOTS-(LLON(1)

*COTA÷SDTA)*EMBMA(|)) + LCNI/TBMTAeD*(TSNTA/ILLON2([|+I.)
*(LLOMII)eCOTB+SOTB)-I./(ON*((LLONZ(I)+I.)**Z)I*(LLOH2(I)*COTB
+2..*LLDHII)*SOTB-COTB-(LLOM2II)*COTA+2.*LLDNII]*SOTA-COTA)

94



677

700
701

4 *EMBMA(I))) ÷ LCMI/TBMTA/LL([)*(I,-EMBMA(|)) ÷ LCMX/TBMTA
5 *DOM/(LLOM2(1)+I.I*(LLOM(I)*SOTB-COTB-|LLOM(I)tSOTA-COTA)
6 *EMBMAKI)))

GP(8)'GPtB)-EPA*SUM
XL= -AeTeTC_TC÷Z./3._AtTC_TCmTC+AeTeTB*TB-Z.13.oAwTBoTBoTB .....

A +2.*AoTM*(T*TC-TCoTCIZ.-TeTB+TBeTB/Z.)+DOMe|GG-AeTM*TM)
B *[OT*SOTC-COTC-OTC*SOTC-OT*$OTB+COTB+OT_*$OTB|-2**A*DOM
C /(OMoOM)i(OToSOTC-OTQOTCeCOTC-2.mOTCeSOTCe(OTCeOTC-Z.|mCOTC
D -OTtSOTB+OT.OTBwCOTB+Z..OTB*SOYB:iOTB*OTB:2.|OCOTBI÷2..A
E *DOM/OH*THt(-OT*COTC-SOTC+OTCeCoTCeoTICOTB÷SOTB-OTBQCOTB)

X2= 2.*A.THeDOMIOM-IOTeCOTCeOTeOTC*SOTC:E.*OtC_COTC-(OTCeOTC-2,)
A *SOTC-OT*_OTB-OT*OTBeSOTB÷2otOTBmCOTB÷(OTBoOTB-2°)mSOTB)
B -A*DOMIKOM.OMI*I2.*OY.OTC*-COT_+bT*-T-OTC_bTC:2.i.SOTC'|3o*OTC
C *OTC-6.).COTC-IOTCee3 -6**OTC)eSOTC-2.mOTeOTBeCOTB-OTe

GP(9}=C*iXXeXZ)
GPIXO)=F-(-A_(TC*TC'TB*TB_+2_*A_TH_TCHTB_O*(GC-A_TH-TM)-(SOTC -

A SOTB)-2.eAeDOM/OMelSOTC-OTCeCOTC-SOTB+OTBeCOTB|÷ZoeA*TMeDOM
B .(COTB-COTC}÷Z._A*TM*DoM*(C-OYC_O_C,$OYC-COTB-OTB_SOTB)
C -A*DDMIOM.[Z..OTCeCOTC÷OTCeOTC*SOTC-2.*SOTC-Z.*OTB.COTB
D - OTB-OTB'SOTB+2_*SOTS}| .........................

C
702 " DO-&54 X=X,N ................................................

703 XX=Z.*A/{LL(I)*LL{II)*({LL(I)*TC-I.)-(LL(I)eTB-I.)*EMCMB(I))

704 Y=I./ILLOM2(I)+I.)
705 ..... X2=-D-(GC-A*TM*TMI.Y;T_CO_r_[_OTC_OTC:T[[OH[_)-COTB÷SOTB|

X *EMCMB(I))
706 " X3=2.-_*O*(V/OM*_TC"ILLOM{I)_SOTC:COTCI:TB_{LLOM{i)_5OTB-COTB)

1 *EMCMB|I))-Y*Y/(OM*OM)*(LLOM2II)*SOTC-2.*LLOM(I)*COTC-SOTC
........ 2 +'(LLDMZ(i)+SOTB-Z,-LLOM(I)eCOTB:SOTBj_EMCMB(I))-| .....

707 X_=-2**AmD_TMe(YIOM*(LLOM([)eSOTC-COTC-(LLOM(I)eSOTB-COTB)
................[ *EMCMBII))) .........................................................................

710 XS=-2.eA*D*TM*IY*{TCe(LL_MII)*COTC÷SOTC]-TB*{LLOM{I)*COTB+SOTB|
...... A "EHCHB([||-Y*YiOM'(LLOH2(1)_COTC+2._[LOM|I_SoTC:COTC-(LLOM2([|

B *COTB+2o*LLOM{II*SOTB-COTB)*EMCMB{[)))
--?I[ X6=Y-(T-C+TC-ILLOM(X)-COTC+_O_C|:TB*TB_TL-_-O_]|*COTB+SOTB) ............

1 *EMCMBKI)}

-712 ......... W=Y.Y .....................................................
713 XTm-W /OM*ITC*IZ.*LLOM2III-COTC+4.*LLOMII)*SOTC-2.*COTCI-TB-(2.

..... 1-LLOM2II)*COTB+4..LLOMII)+SOTB'2++COTB)*EMCMB(I)) .......
71_ X8=E._Y*Y*Y/IOM*OM)*{LLOM2(I)*LLOM(I)*COTC÷3.*LLOM2(1)-SOTC
............I -3.*LLOMIII*COTC-SOTC-{LLON2II)*E_OMIII*I_OI'B-+3._LLDM2II)*SOTB ....

2 -3.*LLOM{II*COTB-SOTB)*EMCMB{I)]
715 " SUM=XI+X2+X3+X4÷XSeA*D*(X6+XTeX8} ................................................

716 _5_ GPIXI)=GP(tI)+G{II*EMTTC{II.SUM
-720 ........ GP(X2)=C*B*KGLM1 /{2.*TDMTC)*TMTC*TMTC_D_G[MX/TDMTCe(1./iOM*OH1

1 *{SOTC-SOT)÷COTCeTMTCIOM)+De((COTC-COT)/OM-TMTCeSOTC)
...............2 ..... +GLMXITDMTC*DOMIOMe{ON*IT÷TCI-_[COT_OT-*SOT=COTC-OTCeSOTC1 -

3 -2.*OT*COT-(OT*OT-2.)*SOT÷Z,*OTC*COTC÷IOTC*OTC-2.)*SOTC
......... k -OT*OTC*{SOT-SOTC)}) ......................................................

721 GPII3)=F_B*{GLMI/TDMTC*TMTC*(I,÷D*SOT)÷D*(SOT-SOTC))
-722 ..... DO 455 I-fiN ..................................................

723 Y=I./ILLOM2(I)÷I.}
-724 ......... XI_GLMIITDHTCILE(I)*[I.-EMTTC1T]]+DOT4_GERITTDKTCeY*(T_EOR-[T)*SOT --



725

726

727
730 455
732
733 456
735
736

737
740
743
746
751
754
755
756 425
757
760 430
76l
762 435
763
764 440
765 410
770

771
772 423
773 424
774

1

2 *EMTTCII)))
SUM=XI+X2+X3
GP(14I=GP(14I-G(1)*B*SUM

DO 456 I=l,14
THETA=THETA+GP([)

TIME=ASMALL*ASMALLmT/ALPHA

TEMP=TEMPI+ARQK*THETA
C .... PRINT OUT TIME

WRITE (6,120) T,THETA,TIME,TEMP ....
IF (T.LE.R1) GO TO 425

IF (T.LE.R2) GO TO 430
IF (T.L_.R3) GO TO 435

IF {T.LE.R4) GO TO 440 .....
WRITE (6,4241
GO TO l

T = T + DT1
GO TO 410

T = T + DT2
GO TO 410
T = T + DT3

GO TO 410
T = T + DT4
IF [T.LE.TD) GOTO _05 ..............
WRITE [6,423)
GO TO I

-COT-ILLDM(I}wSOTC-COTC)*EMTTC(I))

X2=D*YmILLOM(I)mCOT+SOT-ILLOM(1)*COTC+SOTC;*EMTTC(1))
X3=GLM1/TDMTC*D*(TMTC*Y*(LLOM(1)*COT+SOT)-Y*Y/OM*(LLOM2(1)*COT

+2.*LLOM(II*SOT-COT-(LLOM2(1)mCOTC+Z.tLLOM(IDoSOTC-COTC)

FORMAT[/1X,49H* T IS GREATER THAN TO. THIS CASE IS COMPLETE. m//)

FORMAT(/lX,49H* T I_GREATER THANR4;- THIS CASE IS COMPLETE. *//)

END


